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Abstract

This paper studies the following version of the TravelindgeSperson Problem (TSP) for a double
integrator with bounded velocity and bounded control ispgiven a set of points iR?, find the fastest
tour over the point set. We first give asymptotic bounds ontitihe taken to complete such a tour in
the worst-case. Then, we study a stochastic version of tHe f68 double integrator iR? and R?,
where we propose novel algorithms that perform within a tamtsfactor of the optimal strategy with
high probability. Lastly, we study a dynamic TSP k¥ and R?, where we propose novel stabilizing

algorithms whose performances are within a constant fdobon the optimum.

. INTRODUCTION

The Traveling Salesperson Problem (TSP) with its variatigrone of the most widely known
combinatorial optimization problems. While extensivelydied in the literature, these problems
continue to attract great interest from a wide range of fieidsluding Operations Research,
Mathematics and Computer Science. The Euclidean TSP (EHREP3] is formulated as follows:
given a finite point seP in R? for d € N, find the minimum-length closed path through all points
in P. It is quite natural to formulate this problem in the contextother dynamical vehicles.
The focus of this paper is the analysis of the TSP for a vehitle double integrator dynamics
or simply a double integrator; we shall refer to it as DITSPe&fically, DITSP will involve

finding thefastesttour for a double integrator through a set of points.
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Exact algorithms, heuristics and polynomial-time consfactor approximation algorithms are
available for the Euclidean TSP, see [4], [5]. However, keninost other variations of the TSP,
it is believed that the DITSP cannot be formulated as a prolda a finite-dimensional graph,
thus preventing the use of well-established tools in cowrtoinal optimization.

The motivation to study the DITSP arises in robotics and halnited aerial vehicles (UAVS)
applications. UAV applications also motivate us to studg ynamic Traveling Repairperson
Problem (DTRP), in which the aerial vehicle is required tsitva dynamically generated set of
targets. This problem was introduced by Bertsimas and vazinRg [6] and then decentralized
policies achieving the same performances were proposed.ivariants of these problems have
attracted much attention recently [7], [8]. However, ashvitie TSP, the study of the DTRP in
conjunction with vehicle dynamics has eluded attentiomfithe research community.

The contributions of this paper are threefold. First, weadtice a natural STOP-GO-STOP
strategy for the DITSP to show that the minimum time to traeethe tour is upper bounded by
a constant times!~ 2, i.e., it belong§to O(n'~21). We also show that, in theworst case, this
minimum time is lower bounded by a constant timés, i.e., it belongs td(n'~ ). Second,
we study thestochasticDITSP, i.e., the problem of finding the fastest tour througbket of
target points that are uniformly randomly generated. Wensthat the minimum time to traverse
the tour for the stochastic DITSP belongs®n?/?) in R? and Q(n*/°) in R3. We adapt the
RECURSIVE BEAD-TILING ALGORITHM from our earlier work [9] for the stochastic DITSP in
R? and we propose a novel algorithm, th&®RSIVE CYLINDER-COVERING ALGORITHM,
for the stochastic DITSP ifR3. We prove that, with high probability, the tours generatgd b
these algorithms are traversed in titén?/?) in R? and O(n*/®) in R? with high probability,
i.e., these algorithms provide a constant-factor apprakion to the optimal DITSP solution
with high probability, i.e., with probability approachirape asn — +oc. Third, for the DTRP
problem we propose novel policies based on the fixed-rasalwersions of the corresponding
algorithms for stochastic DITSP. We show that the perforreaguarantees for the stochastic
DITSP translate into stability guarantees for the averagi@opmance of the double integrator

DTRP problem. For a uniform target-generation process witbnsity \, the DTRP algorithm

'For f,g: N — R, we say thatf € O(g) (resp.,f € Q(g)) if there existNy € N andk € R such that| f(N)| < k|g(N)]
for all N > Ny (resp.,|f(N)| > k|g(N)| for all N > No). If f € O(g) and f € Q(g), then we use the notatiofi € ©(g).
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performance is within a constant factor of the optimal poilic the heavy load case, i.e., for
A — +o0. As a final minor contribution, we also show that the resulitamed for stochastic
DITSP carry over to the stochastic TSP for the Dubins vehiae, for a nonholonomic vehicle
moving along paths with bounded curvature, without reveysilirection. In the interest of
space, this document contains only sketches of the prodifépranal proofs are available at
http://arxiv.org/abs/cs. RO 0609097.

This work completes the generalization of the known comtoinal results on the ETSP
and DTRP (applicable to systems with single integrator dying) to double integrators and
Dubins vehicle models. It is interesting to compare our ltesumith the setting where the vehicle
is modeled by a single integrator; this setting correspddthe so-called Euclidean case in
combinatorial optimization. In the following table the gia integrator results in the first column
are taken from [3], [6]; the double integrator results in geeond column are novel; and the
Dubins vehicle results in the third column are taken fromff8]d = 2 and are novel forl = 3:

Single Double Dubins

integrator| integrator vehicle

Min. time for | O(n'~7) | Q(n'"7), O(n)
TSP tour O(n'~2a) | (d=2,3)

(worst-case)

1 1

Exp. min. time| ©(n'~7) | O(n!"271) | O(n!"771)
for TSP tour w.h.p. w.h.p.
(stochastic) (d=2,3) (d=2,3)
System time | O(X¥71) | ©(A2@D) | ©(A\Xd-D)
for DTRP | (d=2) | (d=2,3) | (d=2,3)

Remarkably, the differences between the TSP bounds playcatirole in the DTRP problem;

e.g., stable policies exist only when the minimum TSP timeaagr strictly sub-linearly withn.

[l. SETUP AND WORSFCASE DITSP

For d € N, consider a vehicle with double integrator dynamics:

pt) =u(@), [u@®)] <rer, (O] < rver (1)
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wherep, v € R? are the position and control input of the vehicle respebtivee, rer € R,
are the bounds on the attainable speed and control inpytsatagely. LetQ C R? be a unit
hypercube. LetP = {¢, ..., q,} be a set ofr points inQ andP,, be the collection of all point
setsP C Q with cardinalityn. Let ETSP(P) denote the cost of the Euclidean TSP oy®&and
let DITSP(P) denote the cost of the TSP for double integrator oketi.e., the time taken to
traverse the fastest closed path for a double integratougr all points inP. We assumer
andrq, to be constant and we study the dependence of DITSP— R, onn.

Lemma 2.1: (Worst-case Lower Bound on the TSP for Doublgriatier) For rye > 0, ey > 0
andd € N, there exists a point sét € P, in Q ¢ R? such thatDITSP(P) belongs ta2(n' ).

Proof Sketch: As shown in [3], there exists a sétof n points whose minimum inter-point

distance belongs t&(n~1). Therefore,DITSP(P) belongs ton x Q(n~1), i.e., Q(n'~7). m

We now propose a simple strategy for the DITSP and analyzeifermance. The STOP-GO-
STOP strategy can be described as follows: The vehiclesuisé points in the same order as in
the optimal ETSP tour over the same set of points. Betweerpaimof points, the vehicle starts
at the initial point at rest and follows the shortest-timehp# reach the final point with zero
velocity. Analyzing this STOP-GO-STOP strategy, one camwsthe following upper bound.

Theorem 2.2: (Upper Bound on the TSP for Double Integrakan) any point set” € P,, in
Q CRY rep > 0, rve > 0 andd € N, DITSP(P) belongs toO(n'~24).

Ill. THE STOCHASTICDITSP

The results in the previous section showed that based on plesistrategy, the STOP-GO-
STOP strategy, we are already guaranteed to have sublinstifar the DITSP when the point
sets are considered on an individual basis. However, itasaeable to argue that there might be
better algorithms when one is concerned vatlerageperformance. In particular, one can expect
that whenn target points are stochastically generateddiraccording to a uniform probability
distribution function, the cost of DITSP should be lowerrttthe one given by the STOP-GO-
STOP strategy. We shall refer to the problem of studying terage performance of DITSP
over this class of point sets a@sochasticDITSP. In this section, we present novel algorithms
for stochastic DITSP iiR? andR? and then establish bounds on their performances.

We make the following assumptions: &?, Q is a rectangle of widthV and heightd with
W > H;in R3, Q is a rectangular box of width’, height # and depthD with W > H > D.
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Different choices for the shape @ affect our conclusions only by a constant. The axes of
the reference frame are parallel to the sidesQofThe pointsP = (¢, ..., q,) are randomly

generated according to a uniform distributiondn

A. Lower bounds

First, we provide lower bounds on the expected length of tbhehastic DITSP for = 2, 3.
Theorem 3.1: (Lower bounds on stochastic DIT&®J all e > 0, 7w > 0, the expected
minimum time in a stochastic DITSP to visit a setfuniformly-randomly-generated points

satisfies the following inequalities:
E[DITSP(P ¢ Q C R?*)] §<6WH)1/3
!

n_lgloo n2/3 o
vel’ ctr
i, EDITSP(P C QCRY)] 5 <20WHD)1/5
1m | —F .
n=-+oo n4/5 T 6\ Trverd

Proof Sketch: In R?, the area of the set reachable in tithérom a random initial state
belongs toO(t?). Therefore, the expected value of the time between two ssoee points in
the tour belongs td2(n~'/?). Hence, the minimum time to traverse the total tour belomgs t

n x Qn~1?), i.e., Q(n*?). The proof forR? follows on similar lines. |

B. Relation with the Dubins vehicle

In [9], we studied stochastic versions of TSP for a Dubinsialeh Though conventionally a
Dubins vehicle is restricted to bepanar vehicle, one can easily generalize the model even for
the three (and higher) dimensional case. CorrespondiagBubins vehicle can be defined as
a vehicle that is constrained to move with a constant spemaggbaths of bounded curvature,
without reversing direction. Accordingly, feasible curve for a Dubins vehicte a Dubins path
is defined as a curve that is twice differentiable almostyavbere, and such that the magnitude
of its curvature is bounded above Iyp, wherep > 0 is the minimum turn radius. Based on
this, one can immediately come up with the following analdmptween feasible curves for a
Dubins vehicle and a double integrator.

Lemma 3.2: (Trajectories of Dubins vehicles and doublegrars) For all p > 0 such that
VPrer < 1vel, @ feasible curve for a Dubins vehicle with minimum turn tedi is a feasible curve

for a double integrator (modeled in eqgn. (1)) moving with astant speeq/pre,. Conversely,
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a feasible curve for a double integrator moving with a camsspeeds < r is a feasible curve

for Dubins vehicle with minimum turn radiug /rg.

In [9], we proposed a novel algorithm, th&aRURSIVEBEAD-TILING ALGORITHM (RECBTA)
for the stochastic version of the Dubins TSP (DTSP)Rifi we showed that this algorithm
performed within a constant factor of the optimal with higtolmability. In this paper, taking
inspiration from those ideas, we propose an algorithm toprdmfeasible curves for a double
integrator moving with constant speeg.. Note that moving at the maximum speeg, is
not necessarily the best strategy since it restricts theemasring capability of the vehicle.
Nonetheless, this strategy leads to efficient algorithmes.adbpt the RCBTA for the stochastic
DITSP inRR? and based on the same ideas, we propose #H®IRSIVE CYLINDER-COVERING
ALGORITHM (RECCCA) for stochastic DITSP ifiR®. We prove that these algorithms perform

within a constant factor of the optimal with high probalilit

C. The basic geometric construction

Here we define useful geometric objects and study their ptiege Given the constant speed
rvel fOr the double integrator lep = :it' from Lemma 3.2 this constant corresponds to the
minimum turning radius of th@nalogousDubins vehicle. Consider two poinjs. and p, on
the plane, with? = ||p; — p_||2 < 4p, and construct the bedl,(¢) as detailed in Figure 1.

Associated with the bead is also the rectangigh Rotating this rectangle about the line
passing throughp_ andp, gives rise to a cylindef,(¢). C,(¢) enjoys the following asymptotic
properties agl/p) — 0" (properties of the beads,(¢) are listed in [9]):

(P1) The length ofC,(¢) is ¢ and its radius of cross-section is(¢)/4, wherew(?) is the
maximumthicknessof the beads,(¢) and it is equal to

(2 2 03
w(ﬁ)—élp(l— 1_16p2> —S—p—i—p.o(E).

(P2) The volume of’,(¢) is equal to

 qw(O)N2e wP 5 (5
Volume[C,(¢)] = W(T) 3~ 201857 +p°0 )

(P3) For anyp € C,, there is at least one feasible curyg through the points{p_, p, p; },

entirely contained within the region obtained by rotatifg(¢) about the line passing

throughp_ andp,. The length of any such path is at most
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Fig. 1. Construction of the “beadB,(¢). The figure shows how the upper half of the boundary is cootgd, the bottom half

is symmetric.The figure shows the rectangfghwhich is used to construct the "cylinde€, (¢).

(! &
Length(y,) < 4parcsin (%) =l+p-o0 (E) .

The geometric shapes introduced above can be used toRéwedR? in anorganizedway. The
plane can be periodicalliled? by identical copies of3,(¢), for any ¢ € ]0,4p]. The cylinder,
however does not enjoy any such special property. For oyogsa;, we consider a particular
covering ofR? by cylinders described as follows.

A row of cylindersis formed by joining cylinders end to end along their lengthlayer of
cylinders is formed by placing rows of cylinders paralledaon top of each other as shown
in Figure 2. For coverindgR?, these layers are arranged next to each other and with ®ffset
shown in Figure 3(a), where the cross section of this arnawege is shown. We refer to this

construction as theovering ofR3.

2A tiling of the plane is a collection of sets whose intersmtthas measure zero and whose union covers the plane.
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Fig. 3. (a): Cross section of the arrangement of the layersyliiders used for covering® C R?, (b): The relative position

of the bigger cylinder relative to smaller ones of the pribage during the phase transition.

D. The algorithm

We adopt the RCURSIVE BEAD-TILING ALGORITHM (RECBTA) [9] for the stochastic
DITSP in R%. Let Tr..sra be the time taken by a double integrator to traverse a sttichas
DITSP tour according to the ®BTA. The RECBTA performance is analyzed as follows.

Theorem 3.3: (Upper bound on the total time®3) Let P € P, be uniformly randomly
generated in the rectangle of width' and heightH. For any double integrator (1), with high

TR BTA WH 1/3 77'("/“2
li cBTA < 24 14—l ).
"—{I‘POO n?/3 o TvelTctr * 3Wrey
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Remark 3.4:Theorems 3.1 and 3.3 imply that, with high probability, thedBTA is a

% (1 + ;;r[,rf;'r)-factor approximation (with respect te) to the optimal stochastic DITSP in
R? and thatE[DITSP(P c Q C R?)] belongs to0(n?/?).

Taking inspiration from the RCBTA, we now propose the BCURSIVE CYLINDER-COVERING

ALGORITHM (RECCCA) for the stochastic DITSP if®®. Consider a covering of € R? by
cylinders such thaVolume[C,(¢)] = Volume[Q C R®]/(4n) = WHD/(4n) (assuming that is
sufficiently large). Furthermore, the covering is chosesuoh a way that it is aligned with the
sides ofQ C R?.

The proposed algorithm will consist of a sequence of phasas) phase will consist of five
sub-phases, all similar in nature. For the first sub-phastheffirst phase, a feasible curve is
constructed with the following properties:

(i) it visits all non-empty cylinders once,

(ii) it visits all rows of cylinders in a layer in sequence ttgpdown in a layer, alternating
between left-to-right and right-to-left passes, and iigitall non-empty cylinders in a row,
(i) it visits all layers in sequence from one end of the magio the other,

(iv) when visiting a non-empty cylinder, it services at lease target in it.

|

I
]
|
[
|
[
r

Fig. 4. From top left in the left-to-right, top-to bottom dation, sketch of projection of “meta-cylinders” on the responding

side of @ c R® at second, third, fourth and fifth sub-phases of a phase imeitwrsive cylinder covering algorithm.

In subsequent sub-phases, instead of considering singledeys, we will consider “meta-
cylinders” composed o2, 4, 8 and 16 beads each for the remaining four sub-phases, as shown
in Figure 4, and proceed in a similar way as the first sub-phasea feasible curve is constructed

with the following properties:

() the curve visits all non-empty meta-cylinders once,
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(i) it visits all (meta-cylinder) rows in sequence topdown in a (meta-cylinder) layer,
alternating between left-to-right and right-to-left passand visiting all non-empty meta-
cylinders in a row,

(i) it visits all (meta-cylinder) layers in sequence froome end of the region to the other,

(iv) when visiting a non-empty meta-cylinder, it servicddemst one target in it.

A meta-cylinder at the end of the fifth sub-phase, and hentleea¢nd of the first phase will
consist of 16 nearby cylinders. After this phase, the tteorsng to the next phase will involve
enlarging the cylinder t82 times its current size by increasing the radius of its cressien by
a factor of4 and doubling its length as outlined in Figure 3(b). It is etsgee that this bigger
cylinder will contain the union oB2 nearby smaller cylinders. In other words, we are forming
the objectC,(2¢) using a conglomeration &f2 C,(¢) objects. This whole process is repeated at
mostlog, n+ 2 times. After the last phase, the leftover targets will bétetsusing, for example,

a greedy strategy. We have the following result for the iaftdargets after the last phase which
is similar to the result for RCBTA [9].

Theorem 3.5 (Targets remaining after recursive phases). P € P,, be uniformly randomly

generated inQ C R3. The number of unvisited targets after the last phase of theUrRSIVE

CYLINDER-COVERING ALGORITHM over P is less thar4 log, n with high probability.

We now give a bound on the path length required to execute itbtesfib-phase.

Lemma 3.6 (Path length for the first sub phas€pnsider a covering of the space with cylin-
dersC,(¢). For anyp > 0 and for any set of target points, the lendth of a path executing the
first sub-phase of the BCURSIVE CYLINDER-COVERING ALGORITHM in a rectangular box
of width W, height H and depthD satisfies

1024p*W H D Tmp ik
L < ——— 14+ — ol = 1.
1S T ( +3W)+p0<€3

Proof Sketch: We first derive bounds on the length of paths requiredweepa row of
cylinders from one end to the other and to make-t@rn when going from one row to another.
The results follows from counting the total number of rowguieed to cover the domai@. B

Similar calculations give the following bounds for the pé&thgths in subsequent sub-phases.

1024p°W HD 7 3 512p°W HD 7 3
L[ISP—<1+E) +,00<p—),L[H§p—<1+ﬂ)+p0<p—),

4 3W 03 f4 3 /3
512p*W HD Tmp ik 256p°W HD Tmp 0’
Ly < 7 <1+3W)+p-0<€—3 ,LV§£—4 1+3—W +p-o0 )
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The path length for the first phase is then the sum of the patjths for the five sub-phases.

Lemma 3.7 (Path length for the first phas&onsider a covering of the space with cylinders
C,(¢). For anyp > 0 and for any set of target points, the length of a path visiting once and
only once each cylinder with a non-empty intersection witreetangular box@ of width W,
height H and depthD satisfies

3328p?W H D Tmp 0

Since we increase the length of cylinders by a factor of twilemtioing the phase transition

from one phase to the another, the length of path for the suiese:™ phase is given by:

3328p?W H D Tmp 0
Li< —— 1+ — ol =1.
ST ( * BW) Te 0<£3

We now state the following result which characterizes thaltpath length for the RCCCA,
which we denote afrcca ,(P).

Theorem 3.8 (Path length for tHRECURSIVE CYLINDER-COVERING ALGORITHM): LetP €
P be uniformly randomly generated in the rectangle of width height # and depthD. For
any p > 0, with high probability

< lim mp

. DITSP(P Cc Q C R%) Lroca,(P) 3328 /w45 .
7 < 16 /5< —> )
n1—1>r—|r-loo na/s ~ n—+oo na/s - 15 <16> (p HD) 1+ 3W
Proof Sketch: There are at mosibg, n + 2 phases. By summing the expression for the

path length for the™ phase,L;, overlog, n + 2 phases and expressiign terms of the other
parameters, we get the desired result. [ |

In order to obtain an upper bound on théTSP(P) in R?, we derive the expression for time
taken, Treccca, Dy the RECCCA to execute the path of lengitkcca ,(P).

Theorem 3.9: (Upper bound on the total timeRi) Let P € P, be uniformly randomly
generated in the rectangular box of widih, height H and depthD. For any double integrator
(1), with high probability,

1/5 2
B o () ()
r

Proof Sketch: We substitutep = < in the bound forLrcca,,(P) given by Theorem 3.8

T

and evaluate the time required to traverse the total paterafthLicca ,(FP) at speede. ®
Remark 3.10:Theorems 3.1 and 3.9 imply that, with high probability, thed®€CA is a

T,

50 (1 + Wiﬁ#)-factor approximation (with respect to to the optimal stochastic DITSP iR?

and thatE[DITSP(P c Q C R?)] belongs to0(n'/?).
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IV. THE DTRP FOR DOUBLE INTEGRATOR

We now turn our attention to the Dynamic Traveling RepasparProblem (DTRP) for the
double integrator modeled in egn. (1). In the DTRP, the deufdegrator is required to visit a
dynamically growing set of targets, generated by some sgi@hprocess. We assume that the
double integrator has unlimited range and target-sermyicepacity. We leD(¢) denote the set
of n(t) outstanding target positions representing the demandhatttiTargets are generated and
inserted intdD according to a time-invariant spatio-temporal Poissorcg@ss with time intensity
A > 0 and with uniform spatial density inside the regigh As before,Q is a rectangle in two
dimensions and a rectangular box in three dimensions. Segvof a target and its removal from
the setD is achieved when the double integrator moves to the targ&tipo. A control policy
® for the DTRP assigns a control input to the vehicle as a fonatif its configuration and of

the current outstanding targets. The polieys a stable policy for the DTRP if, under its action

ne = lim E[n(t)| p= ®(p,D)] < +o0,

t—-4o00
i.e., if the double integrator is able to service targets aata that is, on average, at least as
large as the target generation ratelet 7; be the time elapsed from the time tii# target is
generated to the time it is serviced anddgt:= lim;_., . E[T}] be the steady-state system time
for the DTRP under the polic. (If the system is stable, then it is known [10] that = \T%.)

In what follows, we design a control policgy whose system tim& is within a constant-
factor approximation of the optimal achievable performaronsistently with the theme of the
paper, we consider the caselwdavy loadi.e., the problem as the time intensity— +o0o. We
first provide lower bounds for the system time, and then priesevel approximation algorithms
providing upper bound on the performance.

Theorem 4.1 (Lower bound on the DTRP system tirke). a double integrator (1), the sys-
tem timeTprrp 2 andIprrp s for the DTRP in two and three dimensions satisfy

lim Torre,2 S 81 WH i Torre,3 - 7813 WHD

A—00 )\2 - 32 ,r\/errlctr7 A—00 )\4 - 972 Tve|rgtr.
Proof Sketch:For a stable policy, the average timign*), needed to service a target must be

no greater than the average time interval in which a new tésggenerated, i.eE[t*(n*)] < 1/A,
wheren* is the average number of outstanding targets. This givesiadbonn*. Using Little’s

formula [10], one obtains the result. [ |
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In [9], we proposed a simple strategy, theAD TILING ALGORITHM (BTA) for the DTRP
for Dubins vehicle inR%. We adapt the BTA for the DTRP problem for a double integrator
R? and based on those ideas, we propose theiER COVERING ALGORITHM (CCA) for
R3. The BTA strategy consists of the following steps:

(i) Tile the plane with beads of length= min{Cgra /A, 4p}, WhereCry = 0.5241r (1 + %)_1.

(i) Traverse all non-empty beads once, visiting one tapgtbead. Repeat this step.

The CCA strategy is akin to the BTA, where the region is coderéh cylinders constructed
from beads of lengttf := min{Ccra /A, 4p}, whereCcea = 0.1615re (1 + %)_1. The policy
is then to traverse all non-empty cylinders once, visiting target per cylinder. The following
result characterizes the system time for the closed loosysiduced by these algorithms and
is based on the bounds derived to arrive at Theorems 3.3 &nd 3.

Theorem 4.2 (Upper bound on the DTRP system tirk®): a double integrator (1) ank >
0, the BTA and the CCA are stable policies for the DTRP and tleltieg system time§xra
andTcpy Satisfy:

T T WH 7rr2, \°
lim “P2TRP2 — p) ZBTA 7 5 <1 + M) ,

A—00 A2 T Aooo A2 T'vellctr 3VVTctr

T T, WHD 7ar2,\°
lim ~DTRES - p) ZCFA 9 g7 14 vl )
A—00 Al A—oo A4 Tvellctr 37’ctr

Proof Sketch: For the given policies, we derive bounds on the target géioeraate and
servicing rate for a bead/cylinder. The bead/cylinder isnttmodeled as a standard/D/1
gueue and we use the known result [10] for the system timeuoh & queue. [ ]

Remark 4.3:Note that the achievable performances of the BTA and the CG@advige a
constant-factor approximation to the lower bounds esthbtl in Theorem 4.1.

V. EXTENSION TO THETSPS FOR THEDUBINS VEHICLE

In our earlier work [9], we have studied the Dubins Travel8ajesperson Problem (DTSP) for
the planar case. In that paper, we proposed an algorithngévata constant factor approximation
to the optimal stochastic DTSP with high probability. Thisturally led to a stable policy for
the DTRP problem for the Dubins vehicle R? which also performed within a constant factor
of the optimal with high probability. The B2CCA developed in this paper can naturally be
extended to apply to the stochastic DTSHRih It follows directly from Lemma 3.2 that in order
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to use the RCCCA for a Dubins vehicle with minimum turning radiys one has to simply
compute feasible curves for double integrator moving wittoastant speed/pre,. Hence the
results stated in Theorem 3.9 and Theorem 4.2 also hold eruthé Dubins vehicle.

This equivalence between trajectories makes tiEe@CA the first known strategy with a
strictly sublinear asymptotic minimum time for the stodi@®TSP inR3. Also novel is that
the RECCCA performs within a constant factor of the optimal with ligrobability and gives

rise to a constant factor approximation and stabilizinggydior DTRP for Dubins vehicle ifR3.

VI. CONCLUSIONS

In this paper we have proposed novel algorithms for varioBB problems for vehicles with
double integrator dynamics. We showed that E'SP(P) belongs toO(n!~2:) and in the
worst casealso belongs tcﬂ(nl‘%). We further proposed novel approximation algorithm and
showed that thetochasticdDITSP(P) belongs to9(n??) in R? and to©(n*/°) in R?, both with
high probability. The policy proposed in this paper for th&RP for a double integrator help
in proving that the system time belongs &{\?) in R? and to©(\*) in R®. Comparing our
results with those for the single integrator [6], we arguat thur analysis rigorously establishes
the following intuitive fact: higher order dynamics makeetlystem much more sensitive to
increases in the target generation rate.

It is interesting to note that the results presented in theepaold true even in the presence
of small damping in the double integrator dynamics: the ola@unds are the same because the
damping only slows down the vehicle; the upper bounds alswaie the same as long as the
damping coefficient iselatively smallas compared to.,. Future directions of research include
study of centralized and decentralized versions of the D&R& more general task assignment

and surveillance problems for vehicles with nonlinear ayitas.
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